Purpose: Beam gating with deep inspiration breath hold (DIBH) has been widely used for motion management in radiotherapy. Normally it relies on some external surrogate for estimating the internal target motion, while the exact internal motion is unknown. In this study, we used the intrafraction motion review (IMR) application to directly track an internal target and characterized the residual motion during DIBH treatment for pancreatic cancer patients through their full treatment courses. Results: Even though the external markers indicated that the respiratory motion was within 3 mm in DIBH treatment, significant residual internal target motion was observed for some patients. The range of average motion was from 3.4 to 7.9 mm, with standard deviation ranging from 1.2 to 3.5 mm. For all patients, the target residual motions seemed to be random with mean positions around their initial setup positions. Therefore, the absolute target displacement relative to the initial position was small during DIBH treatment, with the mean and the standard deviation 0.6 and 2.9 mm, respectively.
during each fraction is necessary for precise RT delivery. IMR can serve as a useful tool to directly monitor the internal target motion. MRI studies. 4 They reported that the magnitude of motion for pancreatic tumors, though variable, can be as much as 4 cm in SI direction. The motion in AP direction is less (0.3-1 cm), and the lateral motion was negligible.
Several strategies have been developed in radiotherapy to manage respiration-induced tumor and organ motion, ranging from passive approaches such as internal margin expansion, to active management such as abdominal compression, breath hold, gating, or dynamic tumor tracking. [6] [7] [8] [9] [10] [11] [12] In this study, we used the deep inspiration breath hold (DIBH) approach to limit the respiratory motion in treating pancreatic cancer. DIBH has been used for many years for motion management in the treatment of breast, lung, and liver cancers. [11] [12] [13] [14] [15] For example,
Dawson et al studied the reproducibility of organ position with active breathing control for 8 liver patients, a total of 262 fractions of treatment, by using repeated fluoroscopy taken before each fraction of treatment. 12 Typically, breath hold treatment relies on some sort of surrogate to reflect the internal target motion. The correlation between the external surrogate motion and the internal target motion have been investigated for breast patients by several groups. 14, 15 To the best of our knowledge, the tumor/organ motion management in DIBH pancreatic cancer treatment has not been studied to date. To 
| METHODS

2.A | Patients
An institutional review board/privacy board data exemption was approved before the study. Eight patients who were treated for pancreas cancer at our center since 2017 using DIBH were randomly selected for this study (four men, four women, median age 66 yr, range 48-91 yr). Each patient had internal radiopaque markers (fiducials, surgical clips from attempted resection, and/or biliary stents, etc.) inside or near the target area, all of which are referred to as "fiducials" for simplicity. All patients were treated with a dose of 75 Gy to GTV and 45 Gy to areas at risk for microscopic disease in 25 fractions. The volumetric modulated arc therapy (VMAT) technique was used to deliver the treatment on a TrueBeam system, which can acquire kV images at user-specified intervals during MV beam delivery, that is, the IMR functionality.
2.B | CT simulation
CT simulation scans were performed by physicians and therapists Fiducials were identified during planning process for later comparison. VMAT treatment plans were developed with planning goals to meet the departmental normal tissue constraints while covering the PTV according to the prescription. For most of cases, all planning goals were met with two or three arcs; but more arcs were added when necessary.
2.D | Treatment delivery and intrafraction imaging
All treatments were delivered on a Varian TrueBeam LINAC with RPM system. Before each treatment, the RPM block was placed at the same position as tattooed at simulation. The patient was coached to maintain DIBH while cone beam CT (CBCT) was taken under a stop-and-go acquisition mode to obtain a complete volume dataset under breath hold. The CBCT images were then registered to the planning DIBH CT based on the implanted fiducial markers and couch shifts were made accordingly.
During treatment, the patient was coached to perform DIBH so that the RPM signal was maintained voluntarily in the 3-mm gating window. If the patient's breath was out of the gating window during treatment, the MV beam was automatically held until the RPM trace came back to the gating window again; typically, this was done by the therapist coaching the patient into a new breath hold. The intratreatment kV image acquisitions were triggered every 40°gantry rotation using the IMR function. Each acquired kV image was displayed with graphically overlaid fiducial contours to assist the therapists in evaluating the intrafraction motion. All kV images acquired during each gantry rotation were combined into a movie and automatically saved to an image review system (Offline Review; Varian Medical Systems). For a typical 3-arc DIBH fraction, about 27 IMR frames can be acquired, resulting in a total of over 600 images for the entire treatment course for each patient.
2.E | Motion analysis
To track the change of the target location during treatment, we first To eliminate the geometry amplification effect from the x-ray projection, the pixel information was translated into the room coordinates based on the x-ray source to the flat-panel detector geometry. Basically, the fiducial marker in the IMR image was backprojected to the plane where the fiducial was located in the CBCT image (see Fig. 3 ). With a single two-dimensional (2D) IMR image, we can only reliably detect the SI direction motion. However, since the SI motion is usually the largest among all three directions, as reported by other researchers in studying the free breathing pancreatic tumor motion, 2-5 we believe, especially under DIBH, it is sufficient to characterize the pancreatic tumor motion with only the fiducial SI coordinates. In this back-projection calculation, marker Note that, although the treatment beam was gated by the RPM signal, currently there was no interlock between the TrueBeam IMR imaging system and RPM gating system. Similar outliers have been manually removed throughout the study based on the time points recorded on the RPM gating curve when the simultaneous kV images were taken.
It was found that, for this particular patient, the maximum residual motion under DIBH was about 7 mm during the entire treatment course, and less than 5 mm for 15 out of 25 fractions.
To quantify the effectiveness of the RPM-gated DIBH technique in controlling the respiratory motion for the cohort, we first studied how much the target can move under DIBH, that is, the residual motion amplitude. In Fig. 5 , we plotted the peak-to-peak amplitudes of the residual motion under DIBH for all eight patients, where the center circle represents the mean internal motion amplitude and the error bar shows the standard deviation of the internal motion over the whole treatment course. For four out of the eight patients, the average SI internal motion was within 5 mm; and there were three patients with standard deviation larger than 3 mm, which demonstrated that the internal motion could be larger than the motion shown by the external body marker. Instantaneous residual motion could be as large as representing the tumor location. Table 1 shows the statistics of the displacement for all eight patients over the entire treatment course, where a positive number means a displacement in the superior direction and a negative number means a displacement in inferior direction. The average target position was within 2 mm from the planning position for six out of eight patients; and for all patients the standard deviations were <5 mm. Figure 6 shows the histogram of the displacements found from over 5000 IMR images of all patients collectively. The mean displacement for the population was −0.6 mm; and the standard deviation was 2.9 mm. For most of the IMR images taken during DIBH treatment, the displacements along SI direction were within 3 mm (78.5%); for about 90.1% cases, the displacements were within 5 mm; and for 0.6% cases, the displacements were more than 1 cm.
For a typical patient, high dose PTV D 95% dropped by about 5% with 3 mm SI shift; >10% with 5 mm shift; and >20% with 1 cm shift.
However, the minimum dose to the GTV was maintained above 99% for 3 mm shift and >95% for >5 mm shift.
In this study, we evaluated the internal target motion during DIBH pancreatic cancer treatment. Although the DIBH procedure limited the external marker motion to within 3 mm, the internal motion magnitudes were often found larger, about 5 mm in average, and in some extreme cases could exceed 1 cm. This is consistent with other studies about the correlation between the external surrogate motion and internal tumor motion in general. [13] [14] [15] 17, 18 Furthermore, it was found that the residual motion was typically random rather than a systematic superior or inferior drift. For the population, the average displacement was close to zero, which indicates the mean target position during treatment was very close to the initial position established during CBCT setup. It is likely due to effective immobilization and randomness of the residual motion. The standard deviation of the displacement was found to be 2.9 mm from the eight-patient full course study. By using van Herk's formula with linear approximation, where the CTV-to-PTV margin is given by 2.5Σ + 0.7σ, 19 the extra margin to account for the intrafraction respiratory motion in DIBH treatment is about 2 mm.
| CONCLUSION
Internal target motion may differ from external surrogate motion in DIBH treatment of the pancreatic cancer. IMR serves as a useful tool to directly monitor the internal target motion, with implications in internal margin determination for clinical motion management protocols.
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